Results of an experimental campaign that took place in the greater Thessaloniki area were used to investigate temporal and spatial UV variability within an OMI satellite pixel. UV irradiance and aerosol optical depth measurements were performed for a one month period at three sites characterized as urban, rural and industrial, depending on their location and possible local aerosol sources. OMI showed a general UV irradiance overestimation compared to all three sites and for all atmospheric conditions. During the campaign the standard deviation calculated from the three sites for UV irradiance at 324 nm was of the order of 26%. For cloudless days with high spatial aerosol variability, UV differences reached ±20% within the OMI pixel. For cloudy days UV differences up to 100% were found at the three sites, a percentage that depends on the ground-based data integration time used for the comparison. Here we tried to focus on the limitations when trying to interpret results of UV irradiance comparisons between OMI satellite and ground based stations, taking into account the UV variability within an OMI pixel, due to such small scale spatial cloud and aerosol inhomogeneities.
Abstract.
Results of an experimental campaign that took place in the greater Thessaloniki area were used to investigate temporal and spatial UV variability within an OMI satellite pixel. UV irradiance and aerosol optical depth measurements were performed for a one month period at three sites characterized as urban, rural and industrial, depending on their location and possible local aerosol sources. OMI showed a general UV irradiance overestimation compared to all three sites and for all atmospheric conditions. During the campaign the standard deviation calculated from the three sites for UV irradiance at 324 nm was of the order of 26%. For cloudless days with high spatial aerosol variability, UV differences reached ±20% within the OMI pixel. For cloudy days UV differences up to 100% were found at the three sites, a percentage that depends on the ground-based data integration time used for the comparison. Here we tried to focus on the limitations when trying to interpret results of UV irradiance comparisons between OMI satellite and ground based stations, taking into account the UV variability within an OMI pixel, due to such small scale spatial cloud and aerosol inhomogeneities.
Correspondence to: S. Kazadzis (stylianos.kazantzis@fmi.fi)
Introduction
Ultraviolet (UV) irradiance increase due to the stratospheric ozone depletion has been an issue for the past three decades due to its link with human health (e.g. United Nations Environmental program, 1998; National Radiological Protection board, 2002) . Ground-based (GB) measurements of surface UV irradiance have been developed in many countries and a series of instruments were devoted to UV monitoring purposes (WMO, 2007 and references therein) . In addition, satellite instruments, which allow a global geographical UV coverage, have been also introduced (e.g. Krotkov et al., 2002; Tanskanen et al., 2008) . Satellite UV measurements are affected by instrumental errors, similarly to GB measurements (Bernhard and Seckmeyer, 1999) . In addition they are also affected by modeling uncertainties in deriving surface UV irradiance from backscattered UV measured at the top of the atmosphere (Krotkov et al., 2001; Tanskanen et al., 2006) . Therefore, satellite validation becomes essential for ensuring high quality UV irradiance products.
Surface UV irradiance is provided by the Ozone Monitoring Instrument (OMI), flying on the NASA EOS AURA satellite, which may be regarded as a continuation of the measurements by the Total Ozone Monitoring System (TOMS). OMI is a spectrometer designed to monitor ozone and other atmospheric species (Levelt et al., 2006) . OMI UV products consist of spectral irradiance at 305, 310, 324, and 380 nm retrieved for the local overpass time and also calculated for local solar noon, as well as of erythemal dose rates and erythemal daily doses .
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Satellite ozone and UV data were exhaustively validated by means of GB measurements, regarding TOMS; (Kalliskota et al., 2000; McKenzie et al., 2001; Krotkov et al., 2001; Fioletov et al., 2002; Meloni et al., 2005; Arola et al., 2005; Kazantzidis et al., 2006) and lately OMI; Ialongo et al., 2008; Weihs et al., 2008; Kazadzis et al., 2009; Buchard et al., 2008) . All these validation studies converge to the following conclusions:
-At snow-free conditions, satellite-derived spectral UV irradiance data are up to 40% higher than the GB data. In most cases the biases range between 5% and 20%.
-The smallest biases have been found at unpolluted locations.
-The largest relative differences between the satellitederived and measured irradiances are observed in urban areas and have been attributed to tropospheric aerosol absorption not included in the satellite UV retrieval algorithm.
All validation results should be treated with caution because of the different geometries involved. The GB measurements are representative of only a small area, whereas satellite measurements are representative of a large region (OMI minimum pixel at nadir 13×24 km 2 ), thus further uncertainties may arise from the cloud or aerosol variability, parameters that both affect UV irradiance, inside the satellite pixel area. The influence of ground inhomogeneity on the UV retrieval as well as the representativeness of the derived UV at one OMI pixel is an issue that only few studies have approached (Weihs et al., 2008) . In the work of Weihs et al. (2008) measurements within one OMI satellite pixel were used to investigate the inhomogeneity of UV and so to give hints concerning possible UV fluctuations. Their results for UV erythemal dose variability within one OMI satellite pixel showed deviations up to ±5%, ±10% and ±50% for cloudless, partly cloudy and overcast conditions, respectively. For the area investigated here Kazadzis et al. (2009) have compared spectral ultraviolet overpass irradiances from OMI against ground-based Brewer measurements at Thessaloniki, Greece from September 2004 to December 2007. It is demonstrated that OMI overestimates UV irradiances by 30%, 17% and 13% for 305 nm, 324 nm, and 380 nm respectively and 20% for erythemally weighted irradiance. Cloudless and cloudy conditions were investigated separately and for cloudless conditions aerosols play the most important role for such deviations. Comparing total column ozone values retrieved from OMI and GB measurements we found a small OMI ozone under-estimation in the order of 1.2% (mean). The effect of this difference in the irradiance comparison at 305 nm varies from 2% to 4% for the solar zenith angle range of OMI overpasses and it is negligible for the irradiance comparisons at higher wavelengths.
In this work we present the results of a campaign aiming to measure spectral UV and aerosol optical properties within one OMI pixel, and to discuss possible OMI and GB spatial and temporal related differences. We have tried to focus on the following aspects:
-Linking of possible OMI overestimation of UV irradiances levels with the findings of a three and half year OMI UV validation study (Kazadzis et al., 2009 ) at the urban area of Thessaloniki, Greece.
-Quantification of the effect of aerosol variability within an OMI pixel which contains areas that are characterized according to the aerosol sources as: urban, industrial and rural.
-Reveal the influence of surface effects on GB and OMI UV comparison and investigate temporal characteristics of UV irradiances measured at three points with different characteristics in terms of aerosol loading, within the OMI pixel.
Location and instrumentation
In order to investigate the spatial and temporal differences between the OMI UV products and GB measurements, an experimental campaign was held from 1 to 30 October 2007 at Thessaloniki, Greece (40.6 • N, 22.9 • E), a city with a population of approximately 1.2 million. The site is facing the Aegean Sea to the south and west and is situated along expected pathways through which pollution from central and Eastern Europe influences aerosol loading over the Eastern Mediterranean (Amiridis et al., 2005; Koukouli et al., 2006) . Aerosol optical depth (AOD) measurement records (Kazadzis et al., 2007) show that AOD values at Thessaloniki area are among the highest at European level. The OMI surface UV algorithm is an extension of the TOMS UV algorithm developed at NASA Goddard Space Flight Center (GSFC) Herman et al., 1999; Krotkov et al., 2001; Tanskanen et al., 2006) . The OMI surface UV algorithm is used for offline production of the global surface UV data using as input the OMI TOMS total column ozone (Bhartia and Wellemeyer, 2002) and reflectance at non-absorbing wavelength (360 nm). A more detailed summary of the OMI-UV retrieval can be found in Kazadzis et al. (2009) .
UV irradiance and aerosol optical properties were measured at three different locations in the greater area of Thessaloniki, representing different air quality conditions: -An urban area (UA) site situated at the city center, at the Aristotle University of Thessaloniki (AUTH).
-A rural area (RA) site situated outside a small village (Epanomi) situated 26 km to the south of the city center and well outside the city limits.
-An industrial area (IA) site situated inside the industrial zone of Thessaloniki (Sindos -EIM), Situated 12 km at the west of the urban site.
A map of the area, including the three sites is shown in the following Fig. 1 . For this experimental campaign the participating institutes were: The Aristotle University of Thessaloniki, the NASA/Goddard Space Flight Center, the National Observatory of Athens and Raymetrics, S. A. Inc. The campaign was supported by a series of different instruments measuring a suite of UV radiation and aerosol related parameters. More specifically, the following measurements were conducted:
-Spectral measurements of direct and global UV irradiance at the surface performed by two Brewer spectroradiometers at the UA site (instrument and measurement details in Garane et al., 2006; . In addition, global irradiance at 305 nm, 310 nm and 380 nm (OMI wavelengths) were measured on a minute basis, at each of the three sites with three NILU-UV multi-channel radiometers that are part of the Greek UV Network (www.uvnet.gr). In additions, NILU measurements at 320 nm were converted to UV irradiance at 324 nm using simple polynomial functions derived from the combination of the NILU and Brewer spectroradiometer. All NILU-UV instruments were compared and calibrated before the start, and checked after the end of the campaign with the help of calibration lamps and synchronous measurements with the Brewer spectroradiometer, in order to maintain comparability of their measurements during the campaign.
-AOD measurements at 340 nm with two CIMEL automatic sun tracking photometers, installed at RA and IA sites. AOD at 340 nm was also retrieved from the Brewer direct spectral irradiance measurements at the UA site (Bais, 1997 ).
-In-situ measurements of aerosol vertical profiles were derived from two LIDAR systems operating at UA and RA sites (instrument and measurement details in Amiridis et al., 2005 ).
-Total ozone column was derived from a Brewer single monochromator and cloud observations and sky images at the UA site. Cloud observations were performed at all sites on a half hour basis, and in addition sky images were taken every 15 min at the UA site.
One of the approaches tested was to compare UV irradiances derived from OMI with those measured at the three sites, as well as with their average, in order to test whether the main UA site is representative for the greater OMI pixel area, and whether the comparison with OMI is improved when data from stations in the vicinity are averaged. 3 Results and discussion
Spectral UV irradiance measurements
Surface UV irradiance measurements with the NILU-UV multi-filter radiometers for the three sites and with the Brewer spectroradiometer at the UA site were compared with the OMI UV products. The data for both instruments correspond to the average of all measurements within a time window of ±15 min around the OMI overpass time. The spectral irradiance measured at 324 nm during the campaign is shown in Fig. 2 . The campaign data series include a mix of cloudless, partly cloudy and a few overcast cases. According to the work of Kazadzis et al. (2009) , OMI exhibits a wavelength dependent overestimation of the irradiance at the surface by up to 30%, 17% and 11% respectively for 305 nm, 324 nm and 380 nm for all atmospheric conditions. Mean irradiance differences at 324 nm between OMI and the ground based instruments at the three campaign sites are shown in Table 1 .
The results of Fig. 2 and Table 1 show that the main problem when comparing OMI and GB measurements for urban areas is the OMI UV overestimation as described in detail in Tanskanen et al. (2008) , Kazadzis et al. (2009) and Ialongo et al. (2008) . When averaging OMI and GB measurements for each site and for the whole campaign period the OMI overestimation is similar to the one reported by Kazadzis et al. (2009) less overestimation for 380 nm in agreement with the results in Kazadzis et al. (2009) . The day to day UV variability is large as evidenced by the standard deviation shown in Table 1. Most of this variability is due to the presence of clouds in one or more sites. In Fig. 3 , the irradiance at 380 nm measured at each site for all days of the campaign at the time of the OMI overpass (±15 min) is compared with the corresponding OMI products. From Fig. 3 it appears that at this wavelength there is smaller deviation between the ground based irradiance measurements at all sites and the OMI derived irradiance at 380 nm than the one detected at 324 nm (Fig. 2, Table 1 ). Under cloudy conditions, there is a general OMI UV overestimation. When comparing instantaneous measurements of the NILU-UV instruments (measurements at the exact minute of OMI overpass) with OMI, occasionally and under variable cloudiness, OMI reported irradiance values twice as high, at least in one of the three sites. These cases are associated also with differences in the timing the sun was visible, during the 30 min of the averaged ground based measurements. Under such conditions, the comparison is meaningless, as the two instruments (ground based and satellite) sense the radiation field from a totally different spatial approach. It is worth to mention that rarely the OMI UV products are lower than the GB measurements. This mainly occurs when there are few clouds in the OMI grid, so that the OMI cloud correction is very small, while the direct sun irradiance is obscured by a small cloud and is not measured by the instrument at the ground.
Aerosol Optical Depth variability
During the campaign, AOD measurements at 340 nm were performed by 2 CIMEL sun photometers and a Brewer spectroradiometer when the solar disk was free of clouds. The variability of AOD during the campaign was high (Fig. 4 ). There were days with AOD higher than 1, periods of atmospheric aerosol loading building up at all three sites, a period with Saharan dust intrusion (6-9 October), days with notable AOD differences between the three sites (16-18 October) and finally days with extremely low (for the specific area) AOD (22 October). In order to have a reference for comparison, the mean AOD at 340 nm over Thessaloniki during the last decade is 0.35 for wintertime, 0.55 for summertime and 0.48 for October (Kazadzis et al., 2007) . Taking into account only quasi synchronous measurements (maximum difference of 10 min), the average AOD differences of the rural and the industrial sites from the UA site during the period of the campaign were found respectively −0.07 and 0.01. However, there were cases with AOD differences of up to 0.45 (corresponding to a relative difference of 100%). Despite the different characteristics of the three sites with respect to the prevailing aerosol sources, in most cases the AOD seems to follow similar patterns. Especially on 9 October (Saharan dust intrusion event) the AOD was high at all three stations and this was confirmed also from the LIDAR measurements.
The difference in AOD between the UA and the RA sites for specific days are mainly attributed to differences in the aerosol loading inside the boundary layer. To confirm this assumption we have compared the aerosol backscattering profiles at 532 nm derived at the UA site with the AUTH Raman -backscatter LIDAR and at the rural site with the RAY-METRICS backscatter LIDAR, shown in Fig. 5 . For 16 October 2007, one can observe the backscatter profiles for the two sites showing almost the same contribution in the free troposphere. The optical depth for that day was 0.24±0.08 for the UA and 0.19±0.05 for the RA site. The difference of about 0.05 in the aerosol optical depth lies within the uncertainty of the measurements. On the other hand, for the 18 October 2007, while the backscatter profiles are very similar in the free tropospheric, the contribution of the aerosols in the boundary layer is different between the two sites. The AOD for that day was 0.3±0.05 for the UA and 0.18±0.05 for the RA and this difference can mainly be attributed to the contribution of local aerosol sources in the boundary layer of the city of Thessaloniki.
A closer look at individual days reveals marked AOD differences among the three sites. The UV measurements at 380 nm at the three sites showed that such differences can cause deviations of up to 20% when comparing synchronous cloudless sky measurements at the three sites, as shown in Fig. 6 . Patterns like the AOD increase at IA site in the afternoon of 16 and 17 October lead to differences up to 20% in the irradiance measured at the two stations. The diurnal pattern at the UA site on 17 October that is not found at RA and IA sites leads to similar negative UV deviations. On 14 October, when the AOD at all stations was constant, in the order of 0.1, the UV irradiance measurements from the three NILU-UV instruments deviated only by up to ±3%, which is within the instrumental uncertainty. The differences in AOD between the three sites, distributed within an OMI pixel, result into marked differences in the measured surface irradiance. However, when comparing measurements from the ground with satellite overpasses the same satellite estimate applies for all three sites. This suggests that local variability factors (such as aerosols) that are capable in modifying surface UV irradiance cannot be detected in the measurements of a single ground station, while they are taken into account in the satellite estimates since they affect the average radiance measured by the satellite. Therefore comparisons of satellite overpass data with single ground stations may suffer from such local variability of aerosols. Such effects may result in overestimation of the satellite irradiance, when the measuring site at the surface is located in an urban area surrounded by a rural area within a sub satellite pixel, or vice versa.
Comparisons with OMI overpass data
Similar results with those discussed above are observed when analyzing data corresponding only to OMI overpasses. Figure 7 shows relative differences between OMI derived and ground based irradiance measurements during the campaign period, normalized with the long term absolute differences that were found for the specific area by Kazadzis et al. (2009) . The normalization was applied in order to isolate the spatial variability within the OMI pixel, independent of the absolute and spectral differences in irradiance.
As can be seen in Fig. 7 , deviations in the first period (1-6 October) are somewhat higher compared to the rest, associated with the higher AOD (see Fig. 4 ). The gradual increasing deviations are due to the continuous buildup of the aerosols. For the second period (12-17 October) lower AOD led to smaller differences. This is because the OMI UV irradiance retrieval is practically unaffected by aerosols with optical depths of the order of 0.1 (as e.g. in 14 October). As it has been repeatedly reported, the main problem in the OMI UV retrieval is the presence of absorbing aerosols in the lower troposphere (e.g. Arola et al., 2005) . Aerosols in the boundary layer do not buildup in a spatially homogeneous Figure 8 . Day-to-day variability of the parameter A calculated from irradiance measurements at 324 nm at all the three sites during the campaign period. Different colours correspond to different averaging intervals of irradiance around the OMI overpass time. The blue (red) dashed line is a limit enclosing 90% (80%) of the relative differences between OMI and GB measurements from 3.5 years of data under cloudless skies. Fig. 8 . Day-to-day variability of the parameter A calculated from irradiance measurements at 324 nm at all the three sites during the campaign period. Different colours correspond to different averaging intervals of irradiance around the OMI overpass time. The blue (red) dashed line is a limit enclosing 90% (80%) of the relative differences between OMI and GB measurements from 3.5 years of data under cloudless skies. manner, causing large differences when comparing OMI and GB measurements among the three locations, as it happens after the 14th of October. Especially for 16 and 17 October, even hourly averages of GB irradiance measurements differ by up to 20% among the three sites. The results presented in this figure demonstrate the limitations on interpreting the statistics, and particularly the standard deviations, when comparing GB and OMI UV measurements.
For a more detailed-statistical interpretation of the spatial and temporal UV variability within the satellite grid we used the parameter A denoting the interval from the mean UV irradiance at a specific wavelength, that 95% of the total number of measurements lie within. This parameter was used as a measure of the variability of the irradiance at the three stations within the sub-satellite pixel area:
( 1) whereĪ and σ are the mean and the standard deviation of UV irradiance at wavelength λ, calculated for each day from the UV measurements at the three stations averaged over t minutes centred at the OMI overpass time.
The blue line in Fig. 8 corresponds to the lowest averaging interval (±1 min from the OMI overpass time), and the red line to the largest (±30 min). On cloudy days, the parameter A is higher than 40% exceeding 100% in two cases with the highest cloud-induced variability in irradiance over the area. As seen in Fig. 8 , the fluctuations of the measured UV irradiances for cloudy conditions are larger. This can be explained mainly through differences in cloud cover and cloud reflection at the different measurement sites at the same time. For the specific campaign the number of days with variable or overcast cloud conditions was limited. Similar work of Weihs et al. (2008) showed under partly cloudy conditions the satellite UV-values are, on average, in the order of 30% higher than the ground observations. The ratio OMI to ground UV becomes even larger for overcast conditions. The satellite overestimates the observed ground values by more than 50%. However, it is difficult to determine partly or overcast conditions for a number of stations since having overcast conditions in one location and broken cloud conditions in another, is the case that causes the larger uncertainties even when integrating irradiance measurements for large time intervals.
For cloudless cases, the parameter A becomes larger (up to ∼18%) when large deviations of AOD were observed (days 290 and 291). It should be noted that the comparison of 3.5 years of OMI and Brewer measurements (Kazadzis et al., 2009) showed that 90% of the cloudless days lie within ±18% from the mean difference. The observed variability during the campaign suggests that it is difficult to find agreement between OMI and GB irradiance on a level of a few per cent, even for cloudless cases, due to the spatial variability of UV irradiance inside the OMI pixel. This holds unless there is a proof that within the sub-satellite pixel there are no major differences of the columnar AOD and aerosol absorption properties. These conditions rarely occur inside pixels containing urban areas. The comparison of the average UV irradiance from the three stations with OMI at all wavelengths (here shown only for 324 nm) is improved especially on cloudy days when using larger averaging intervals. The average UV variability for the whole period, (expressed again with the A parameter) for different averaging intervals can be also seen in Fig. 9 . Here A(λ, t) represents the mean A(λ=324, t) averaged for all 30 days of the campaign for different averaging times t, centred at the OMI overpass time. Figure 9 suggests that comparing OMI with GB measurements averaged for up to 10 min, the parameter A is rather constant ranging between 29% and 30%. For 60 min averaging (i.e. within 30 min from OMI overpass time) A drops to 20.7%. Weather conditions and the length of the measurements period play an important in the statistics. Similar analysis in the summertime (with only a few cloudy days, thus fewer possibilities for high UV variability inside the OMI pixel) would lead to lower A values. On the contrary, in areas with more clouds the UV variability is higher (higher A values). The month of October 2007, for the area of Thessaloniki, was a well mixed period, in terms of weather conditions, including cloudless and cloudy days, but also days with different aerosol load.
Conclusions
The experimental campaign that took place in the Thessaloniki greater area in October 2007 showed high day to day UV variability mostly due to clouds, whereas for cloudless days the variability is attributed to spatial variations in the aerosol optical depth in the 13×25 km grid of the campaign sites which is similar in size to the OMI sub-satellite pixel.
For days with cloudy conditions, large UV irradiance differences of up to 100% were found among the three sites, depending on the averaging interval used in GB measurements. Especially for partly cloudy cases, the presence of clouds in the path between the sun and the GB instruments can cause major difficulties in quantifying the differences between the OMI and GB measurements. Longer averaging intervals for the GB measurements can improve the statistics of the comparison. Especially under cloudy conditions, UV instruments with high frequency measurements (e.g. multi-filter radiometers or broadband detectors) provide more important information than scanning spectroradiometers for satellite validation. Because of the importance of clouds in modifying the UV irradiance at the surface, weather patterns favoring the generation of local clouds should to be taken into account for choosing the location of a GB station used for satellite validation.
The three GB sites, where UV irradiance and AOD measurements were performed, are characterized by different aerosol sources (urban, industrial and rural). At some cloudless cases it was found that spatial aerosol optical depth differences among the three sites can cause differences of up to 20% in UV irradiance. This shows the limitation of the OMI UV validation due to such small scale spatial aerosol variability, even without the presence of clouds. For such cases the location of a single station that could be used for satellite validation would randomly affect any OMI UV validation attempt aiming to better accuracy.
Comparison of 3.5 years of GB spectral measurements with OMI UV spectral products (Kazadzis et al., 2009) showed that 87% to 92% (depending on wavelength) of all cloudless cases lie within ±20% from the mean long term difference. During the campaign, the variability (standard deviation) calculated from the 324 nm irradiance measurements at the three sites were of the order of 26%. On cloudless days with high spatial aerosol variability the 2σ irradiance variability was ∼18% of the mean irradiance from the three stations. This indicates that for such cases a single point can not be considered as representative for GB and satellite comparisons. Urban areas like the one examined in this work could have similar cloud and aerosol inhomogeneity within a 13×25 km (or larger) grid. The differences in AOD between the sites for specific days within the campaign are mainly attributed to the different aerosol load inside the boundary layer. Such differences limit any satellite validation approach independently of any algorithm or measurement improvement. In general, the average UV variability for cloudless cases was within ±10% (1σ ) setting a lowest limit for the interpretation of differences between OMI and GB measurements.
In addition to the AOD differences among the three sites, differences in aerosol absorption properties can enhance or diminish UV variability within the OMI pixel. In this case, however, single scattering albedo measurements at the three sites showed maximum daily average differences of 0.02, which is within the measurement uncertainty, especially when the AOD is low.
Future studies related with OMI UV algorithm improvements should include information about spatial characteristics of clouds and aerosols in the area of an OMI pixel. These characteristics should be quantified and reported in the validation results in addition to possible GB instrument or/and satellite algorithm absolute level deviations. This is because even if the interdependence of UV GB and OMI biases with factors such as clouds and aerosol optical properties would be fully explained and taken into account in a future OMI-UV post correction algorithm, the OMI and GB UV measurement agreement will be still limited by the sub-pixel spatial and temporal variability of such factors.
